Recently, multi-mode antennas have been studied for communication as well as localization purposes. In this work, the capabilities provided by a single planar multi-mode radiator as a steerable multi-port antenna are explored. As an original contribution, the radiation characteristics of individual groups of modes of the single radiator are combined to optimize beamforming performance. Three possible codebook realizations are studied and compared. A new optimization criterion, gain by element factor, is introduced.
I. INTRODUCTION
In the area of antenna design, the excitation of a given or designed aperture with respect to a low reflection coefficient and high efficiency is a major challenge [1] , [2] . This holds especially in the field of multi-mode antennas [3] , [4] , also called modal antennas. The theory of characteristic modes does not give answers towards specific antenna parameters like gain, side-lobe level, etc. In order to optimize the gain of these antennas, MIMO signal processing is an option. Several planar multi-mode antenna elements can be assembled to become a massive MIMO multi-mode antenna array suitable for base stations and access points, whereas a single multi-mode antenna element is suitable for compact mobile equipment [5] . Hence, MIMO signal processing is either applicable to the entire array, or to a single element.
In the numerical results presented below, focus will be on the planar multi-mode antenna design presented in [5] , [6] . So far, this antenna type has been investigated for communication and localization purposes. In [7] , [8] an ultra-wideband (UWB) communication system targeting data rates of 100 Gbps and beyond at frequencies below 10 GHz is proposed. In this context, the different radiation patterns of the antenna ports are assumed to separate different radiation directions of an antenna array, and therefore improve the capability of multi-stream data processing. Emphasis is on increasing the overall sum-rate of the system. Contrary, in [9] , [10] multi-mode antennas are used for angle-of-arrival estimation for the purpose of precise positioning. In the latter contributions, a single multi-mode antenna element is modeled as a uniform linear array (ULA). Besides communication and localization applications, multimode antennas are believed to be applicable in the context of radar applications as well.
In this work, focus is on the capability of performing beamforming with a single multi-mode antenna element. Different patterns corresponding to the ports of a multi-mode antenna are combined in order to achieve an optimization of the overall radiation characteristics. Beginning with the fundamentals of multi-mode antennas and the concept of pattern combination, an optimization in terms of achievable gain is introduced. To reduce interference power, the element factor is used as a design parameter. To merge gain and element factor, a new design parameter, gain by element factor, is introduced. Different codebook realizations are constructed for the different criteria and hardware structures, and their performance is compared. Digital mode combining provides maximum flexibility and hence is proposed as a benchmark. In hardware-limited scenarios, hybrid and purely analog mode combining offer a trade-off between complexity and efficiency. Mode selection is the simplest alternative, at the expense of gain performance. Finally, the number of ports used for a certain direction is optimized.
II. BASICS OF WEIGHTED MODE COMBINING
Let us consider a multi-mode antenna design with orthogonal groups of surface current distributions according to the theory of characteristic modes. Towards UWB and multi-mode capability, an electrically large aperture is necessary to enable different current distributions at the same time. As the feeding network connects feeding points and antenna input ports in a sophisticated manner [5] , [6] , each physical port corresponds to a unique group of modes, which can be excited. Since the groups of modes are orthogonal among each other, the ports are uncoupled. Let the electric field components be denoted as F φ and F θ , respectively, where φ is the azimuth angle and θ the elevation. If
is fulfilled and the efficiency of the antenna is set to be one, the radiated power of each group of modes corresponds to the input power provided at the belonging antenna port. Subsequently, the gain G m of the m-th port and mode group m in a certain direction φ, θ can be calculated by
where 1 ≤ m ≤ M. The equivalent isotropic radiated power (EIRP) of this port m is defined as [11] EIRP m = max
The corresponding radiation patterns of the individual ports in the y-z-plane is shown in Fig. 1 When using a single multi-mode antenna element, the gain in azimuth φ and elevation θ can be calculated by using (2) and introducing complex-valued weighting coefficients c m as
subject to the constraint m |c m | 2 = 1. In order to optimize the radiation in terms of gain (or other criteria) at a given angle, the complex weighting coefficients c m have to be designed such that the electric-field components representing the different modes interfere constructively. Since maximizing the gain of an antenna neglects the interference occuring at neighboring angels, the element factor of the antenna is of interest. The element factor EF of any antenna can be described by merging (2) and (3):
The corresponding values only represent the portion of power radiated to the desired direction. Consequently, information about the portion of power in the direction of interest gets lost and is not included in the criterion itself. Therefore, as a new criterion, the gain by element factor is introduced as
By combining gain and element factor this criterion includes both, the information of interference and power maximization.
III. CODEBOOK OPTIMIZATION Towards the optimization of the gain (or other criteria) of a single multi-mode antenna element, the complex weighting coefficients c m and electric field components F φ and F θ are rewritten in matrix notation
Note that for better readability the angular arguments φ and θ are neglected. Then, the problem structure is defined by maximizing (4) by using the matrix notation from (7) as
Upon designing codebooks, several approaches are feasible. In the case of digital beamforming, each port of the multi-mode antenna is connected to the digital processing unit via a full radio frequency (RF) chain and digital-to-analog conversion. This is referred to as digital mode combining in the remainder. Digital mode combining provides best performance due to maximum flexibility for the weighting coefficients. According to (8) and given the constraint m |c m | 2 = 1, the coefficient vector c can be written as
with C = M m=1 a i , a i ≥0 being a normalization constant to fit the power constraint. When trying to reduce the hardware effort, hybrid beamforming structures come into play. Different approaches are possible. Starting with a simple structure, only the port providing the best performance in a certain direction can be selected:
This strategy has been suggested in [7] and is called mode selection subsequently. Alternatively, adjustable phase shifters can be used to connect the RF chain with all ports of the antenna element. In this case, all ports are active by definition. The optimized phases can be stored in a codebook, according to
Due to pure analog beamforming, this version is called analog mode combining.
A more flexible version is to implement the phases by using fixed phase shifters. Triggered by a processor, selected ports and the desired phases can be chosen. Because of the hybrid nature, we call this technique hybrid mode combining. Consequently,
where the amplitudes before normalization a m are either zero or one. N C represents the number of selected ports in the current setup. Since an arbitrary number of ports are selected in order to optimize the overall gain (or other criteria), this case is more flexible and hence an improved performance can be obtained.
IV. NUMERICAL RESULTS
As a benchmark, let us start with mode selection as defined above. In Fig. 2 , the individual gains of the four ports are plotted in curves (1)-(4) for illustrative purposes. Mode selection can be achieved by appointing the port providing the largest gain at a certain angle. The corresponding gain is depicted in curve (5) .
In order to compare the performance of the different optimization criteria, the achieved performances of the codebooks are plotted for each criterion. The achieved gain is depicted in Fig. 3a . As can be seen from curve (1) Fig. 2 : Maximum gain in a certain direction which can be derived by switching between the modes of the multi-mode antenna element. This method is dubbed mode selection. The modes one to four are represented by (1)- (4) . Mode selection is shown by curve (5) .
the optimization performed to maximize the gain per angle performs best in terms of achieved gain. Close to this performance comes the achieved gain of the codebook designed to fit the new criterion gain by element factor, as depicted in curve (2) . Finally, the gain of the codebook designed to fit the best element factor is presented in curve (3) . As can be seen, the achieved gain is fluctuating. In some points, it is even worse than the gain of the mode selection scheme, given in curve (4) . Fig. 3b shows that the optimal performance of the element factor, namely EF = 1, is reached for the corresponding codebook in nearly the entire angular region. The element factor is presented by curve (1) . A good performance is also reached by using the codebook designed for the gain by element factor, which is demonstrated in curve (2) . The codebook optimized to fulfill maximum gain requirements is represented by curve (3) . It has the weakest performance in terms of element factor, which results in larger interference power to neighboring users.
When comparing the gain by element factors of the three codebooks, as expected, the performance of codebook optimized to this criterion performs best, as is shown by curve (1). In the angular region below -30 • and above 30 • , the codebook for maximum gain achieves a similar performance, given by curve (2) . In contrast, in the central region around 0 • , its performance is roughly 1.5 dB less compared to the achievements of the codebook in curve (1) . Here, the performance of the codebook designed to fit the element factor, curve (3), is better.
In Fig. 4 , the gain achieved by the different mode combining techniques is shown. Digital mode combining, featured in curve (1), provides the best results. An exhaustive search considering all possible gain factors and phase angles of the weighting coefficients c is conducted. It enables up to 10 dBi, which is an improvement of close to 3 dB in some directions. Furthermore, the gain is improved nearly for the entire angular domain. The gain achieved by just using phase shifters and switching between contributing ports is shown in curve (2) . Compared to digital mode combining, the loss of hybrid mode combining is fairly small, but hardware complexity is significantly reduced. Analog mode combining has the weakest gain, as shown by curve (3) . Curve (4) is the reference plot defined by mode selection. In order to draw conclusions about the necessity of the individual ports and combinations, codebooks providing the best performances are investigated. In Fig. 5a the incidence for all ports available is shown. As can be observed, the first port, corresponding to the gain of the blue curve in Fig. 2 , is employed at all angles for the two of the three codebooks depending on the gain of the system. This is remarkable, since it provides the largest individual gain in only very sparse cases, as compared to the fourth port shown in black. The radiation pattern corresponding to Port 4 is scheduled in most angles as well. The codebook designed to fit the element factor employs the patterns corresponding to the Ports 1 and 4 less often. It more frequently enables Port 2 to reduce the interference, which is employed in the codebook towards gain very sparsely. Port 3 is generally used most rarely. Regarding the required hardware and precoding effort, the number of scheduled modes per angle segment is evaluated in Fig. 5b . As can be seen, in nearly all cases two or more modes are employed in order to achieve the performance shown in Fig. 4, curve (1) . To address the defined criteria, in roughly 70% of the angles two modes are sufficient. Here, the codebook designed to fit the element factor provides the greatest distribution in the usage of modes. Only in 50% of the angles exactly two modes are employed. In about 10% of the angles only one port is sufficient. Looking at the codebook designed to fit the gain by element factor, always two or more modes are required. In 10% of the angles even all four modes are selected.
V. CONCLUSIONS
In this work, criteria for the optimization of radiationof a planar multi-mode radiator have been discussed. A new optimization criterion, gain by element factor, has been introduced. Summarizing the results from Fig. 3a to Fig. 3c yields that optimizing codebooks with respect to the new criterion results in solid performance. As an original contribution, single-element beamforming by using the orthogonal properties of a planar multi-mode antenna has been presented. It is shown that the gain of the antenna element in a certain direction is improved by combining the modes. Additionally, the interference of any desired angle can be reduced at the same time by using the new gain by element factor.
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(c) Achievable gain by element factor. Fig. 3 : Performance of the three codebooks for gain, element factor, gain by element factor and mode selection as reference. Fig. 5 : The bar charts are generated from the digital-modecombining codebook for 37 equidistant angles of the 180 degree hemisphere. The incidences are shown for the three codebooks designed to fit (1) Gain, (2) Element factor, (3) Gain by element factor.
